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Section I: Project Summary
1. Overview of Project

This project is performed under the Office of Naval Research program on Basic and Applied Research in Sea-
Based Aviation (ONR BAA12-SN-0028). This project addresses the Sea Based Aviation (SBA) initiative in
Advanced Handling Qualities for Rotorcraft.

Landing a rotorcraft on a moving ship deck and under the influence of the unsteady ship airwake is extremely
challenging. In high sea states, gusty conditions, and a degraded visual environment, workload during the
landing task begins to approach the limits of a human pilot’s capability. It is a similarly demanding task for
shipboard launch and recovery of a VTOL UAV. There is a clear need for additional levels of stability and
control augmentation and, ultimately, fully autonomous landing (possibly with manual pilot control as a back-up
mode for piloted flight). There is also a clear need for advanced flight controls to expand the operational
conditions in which safe landings for both manned and unmanned rotorcraft can be performed. For piloted
rotorcraft, the current piloting strategies do not even make use of the available couplers and autopilot systems
during landing operations. One of the reasons is that, as the deck pitches and rolls in high sea states, the pilot
must maneuver aggressively to perform a station-keeping task over the landing spot. The required maneuvering
can easily saturate an autopilot that uses a rate limited trim system. For fly-by-wire aircraft, there is evidence that
the pilot would simply over-compensate and negate the effectiveness of a translation rate command/position hold
control mode. In addition, the pilots can easily over-torque the rotorcraft, especially if they attempt to match the
vertical motion of the deck.

This project seeks to develop advanced control law frameworks and design methodologies to provide
autonomous landing (or, alternatively, a high level of control augmentation for pilot-in-the-loop landings). The
design framework will focus on some of the most critical components of autonomous landing control laws with
the objective of improving safety and expanding the operational capability of manned and unmanned rotorcraft.
The key components include approach path planning that allows for a maneuvering ship, high performance
station-keeping and gust rejection over a landing deck in high winds/sea states, and deck motion feedback
algorithms to allow for improved tracking of the desired landing position and timing of final descent.

2. Activities this period
Task 11-Optimization of Control Parameters

Techniques for gain tuning of Dynamic Inversion (DI) control law and auxiliary concepts have been developed
in this progress period. As in DI controller the trajectory tracking algorithm is realized in an inner-outer loop
scheme, where multiple PID gains need to be selected in an optimal sense. In the preceding work, those PID
gains were set with empirical values, which seem satisfactory in terms tracking performance, but the effort of
last period proposed a systematic method to evaluate the “optimality” of control parameters from a wider
perspective, and also provided a way to find out the optimal parameters.

As has been revealed in the theory part of DI controller, the PID gains governs the error dynamics of output
variable,
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where G is the output of PID compensator used in the DI controller, the gains should be designed in
such a way that the output error decays with desirable properties, i.e. quickly, smoothly and with little



steady-state residual. The error decaying properties have explicit linkage with PID gains, e.g. the pitch
and roll attitude use PID compensator including attitude rate, attitude angle, and integral of attitude
angle generally formulated in Equ.(2)

2
G=K,e, +K;[edt+K,[[edt )
This PID compensator specifies a 3" order error dynamics which can be factorized as follow:
(s +2L,0,5+)(s+p,)=0 ©)

There is an explicit relation between error decaying properties and PID gains expressed in Equ.(4):

Kp = 2é/ewe + Pe
Ki = 2gea)e pe + a)ez (4)
Ki = a)ez Pe

Eqn. (4) implies that design PID gains is equivalent to designing the error decaying parameters, however the
later have more clear physical significance, namely, w, governs error decaying quickness, ¢, governs the
overshooting during transient, and p, determines the steady state error. The outer loop control laws are also
designed using DI, where the input of the dynamics model is the inner loop command signal. A very simplified
dynamic model is usually used in the outer loop design, for longitudinal, lateral position control Eq.(5) provides
adequate fidelity.
VAL
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There are multiple PID gains in the inner and outer loop controller, to reduce the DOF of to be determined
parameters, following empirical assumptions are imposed, the integrator poles are located at 1/5 of natural
frequency of error dynamics, damping ratio of error dynamics takes critical value, the ratio of natural frequency
of outer-loop to inner-loop’s is set to be 1/5 to facilitate frequency separation. Under those assumptions, the
longitudinal group of PID gains depends on the frequency parameter of pitch error dynamics w,q , similarly the
lateral group of PID gains depends on the frequency parameter of roll error dynamics wg . In Ref.1 the
controller gain tuning is framed as a design trade-off between high gain designs for disturbance rejection versus
lower gain design for more robust stability of the closed loop system. The gain tuning of PID compensator of DI
control law follows the same reasoning. The behind philosophy is when the frequency parameter increases, the
PID compensator has higher gain thus better tracking performance, in the other case, when the frequency
parameter decreases , the close-loop system will have less risk of raising a control system induced instability.



The tracking performance and close-loop robust stability are quantified by Disturbance Rejection Bandwidth
(DRB) and Gain Margin/Phase Margin of loop-breaking system. The calculation of DRB and GM/PM are based
on a high order linear model of rotorcraft, actuator and controller. The schematic was illustrated in Figure 1.
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Figure 1. Schematics of Linear Model for DRB &
SM Analysis

The GM/PM are transfer function defined concept, for each of the pitch/roll/yaw/heave axes a loop-breaking
transfer function can be obtained, thus each axis has its GM, PM. The loop-breaking transfer function is obtained
by disconnecting the actuator of the axis of interest, while keeping all other loops connected. DRB analysis

looks at the frequency response of the “disturbance in” to “disturbance out” transfer function yl (s). DRB s
d

defined as the maximum frequency with magnitude less than -3 dB, and represents the maximum frequency
disturbance that can be rejected for a particular controlled variable. For the shipboard recovery task, autonomous
full trajectory control is considered, so the position hold (the outer most loop) is analyzed. For the present study,
the focus is on the lateral and longitudinal axis control only. Figures 2-5 demonstrate the stability margin

analysis and disturbance rejection analysis of a medium gain design corresponding wg = 2.5 rad/sec, weg =

2.5 rad/sec. Note that both axes exhibit phase crossovers at both low and high frequencies. The open loop
dynamics of the helicopter are unstable in low speed flight, so there is a minimum gain to stabilize the helicopter.
The more critical gain margin is based on the high frequency crossover, which results in an upper gain limit to
avoid instability due to rotor-body coupling.
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The variations of SM and DRB with increasing frequency parameter w.g 0r w,¢ Were investigated by sweeping
each parameter from 1.5 to 4.0 rad/sec while the other parameter is held constant. Table 1 summarizes the
analysis results for the lateral axis. Disturbance rejection in lateral and longitudinal position hold was analyzed
in addition to stability margins in the other axes. Since the core of the DI control law effectively de-couples the
dynamics, the other axes are practically unaffected by the roll-axis parameter variation. The lateral axis DRB
clearly increases monotonically with the increasing parameter, showing the expected improvement in
performance with higher gain, while performance and stability in other axes are unchanged. The lateral axis
stability margins vary slightly for small values, but for larger values the phase margins starts to decrease until
dropping below 30° for the highest value. There is a corresponding increase in Disturbance Rejection Peak for
high gain. The degradation in stability is due to the interaction of higher order dynamics with higher gain.
Eventually, for very high gain, rotor-body coupling effects and instability can be observed. The trade-off
between PM and DRB can be clearly observed in Figure 6. Similar analysis was performed on longitudinal axis
with its results summarized in Table 2 and Figure 7.



Table 1. Variation in Lateral Axis Gain

Roll / Pitch | Disturbance | Disturbance | Lat. Axis | Long. Axis | Heave Axis | Yaw Axis
Frequency Rejection in | Rejection in | Stability Stability Stability Stability
Parameters | Y Position X Position Margins Margins Margins Margins
Wey | weg | DRB | DRP | DRB | DRP | PM [ GM | PM | GM | PM [ GM | PM | GM
(rad/s) | (radfs) (rad/s) (dB) (rad/s) (dB) (deg) (dB) (deg) (dB) (deg) (dB) (deg) (dB)
15 25 (011 |32 021 (39 355 +8.9 [49.9 | +14.8 (51.2 | +29.0 [ 74.0 | +oo
-23.0 -9.0 -21.8 -16
2.0 25 (014 |35 021 (3.9 38.3 [ +19.1|49.7 | +14.7 [ 51.3 | +29.0 [ 73.8 | +o0
-19.0 -9.4 -21.8 -17
25 25 017 |37 021 (3.9 38.5|+23.8 (495 | +145(51.3 | +29.0 [ 73.9 | +oo
-19.7 -9.4 -21.8 -17
3.0 25 (020 |40 021 (39 35.8 | +19.3 [ 49.4 | +14.2 [ 51.2 | +29.0 [ 745 | +oo
-21.0 -9.3 -21.8 -17
35 25 (023 |43 021 (3.9 314 | +16.3 | 494 | +14.0 [ 51.2 | +29.0 [ 75.8 | +oo
-19.1 -9.3 -21.8 -16
4.0 25 (026 |46 021 (3.9 272 | +14.0 ] 49.6 | +13.8 [ 51.1 | +29.1 [ 77.6 | +oo
-18.0 -9.3 -21.8 -16
Table 2. Variation in Longitudinal Axis Gain
Roll / Pitch | Disturbance | Disturbance | Lat. Axis | Long. Axis | Heave Axis | Yaw Axis
Frequency Rejection in | Rejection in | Stability Stability Stability Stability
Parameters | Y Position X Position Margins Margins Margins Margins
@Wey | weg | DRB | DRP | DRB | DRP | PM [ GM | PM | GM | PM [ GM | PM | GM
(rad/s) | (radfs) (rad/s) (dB) (rad/s) (dB) (deg) (dB) (deg) (dB) (deg) (dB) (deg) (dB)
25 15 017 |38 013 (29 38.4|+243 (674 | +20.7 [ 52.4 | +28.1 [ 73.8 | +oo
-18.8 -11.7 -22.4 -14
25 20 (017 |37 017 (33 38.4|+241(56.6 | +17.1 (51.8 | +28.6 | 73.8 | +oo
-19.6 -10.9 -21.9 -14
25 25 017 |37 021 (3.9 38.5|+23.8 (495 | +145(51.3 | +29.0 [ 73.9 | +oo
-19.7 -9.4 -21.8 -17
25 3.0 (017 |37 025 |44 38.3|+23.3 (444 | +12.3 [ 51.0 | +29.5 [ 74.0 | +oo
-19.6 -8.7 -21.8 -18
25 35 (017 |37 029 (47 38.0 [ +22.8 | 404 | +10.4 | 51.0 | +30.1 | 74.2 | +o0
-19.5 -8.9 -21.8 -18
25 40 [017 (36 033 (438 374 (+221)37.1 | +89 |[51.0 | +30.7 [ 74.3 | +oo
-19.4 -9.9 -21.8 -18
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Figure 6-7 imply that a reasonable compromise between SM and DRB can be achieved by specifying w,g = 3.0
rad/sec, w,.g = 2.5 rad/sec, the corresponding gain set will be the nominal design. Non-linear simulations were
used to validate the nominal gains, and also to prove the impact of low/high gains on tracking error and stability
margin. The test-bed is a medium class simulation model station-keeping over a moving destroyer deck with 20
knots forward speed. The deck motion is based on the SCONE ship motion dataset, airwake fidelity is provided
by CFD solutions of the SFS2 frigate shape in 20 knots headwinds. In the test scenario, the helicopter starts at
1000 ft behind flight deck, with an initial speed of 60 ft/sec, throughout the simulation the helicopter approaches
to flight deck, and then keeps hovering over flight deck tracking the center of the deck. The initial settings of the
simulation are shown in Figure 8.

V=60 ft/sec

~ —— V=20 knots

1000ft

Figure 8. Initial Setting of Simulation

Analysis of the simulation results will focus on the lateral axis. The lateral axis presents a more challenging
tracking problem due to the rolling motion of the ship deck (as the helicopter performs station-keeping over the
center of the deck), and the lower inertia in the roll axis resulting in larger airwake disturbances. As indicated in
Table 3, multiple simulations were performed with w,4 sweeping from 1.5 rad/sec to 4.0 rad/sec while w.g was
held at its nominal value 2.5 rad/sec, metrics used to characterize disturbance rejection properties are RMS of
longitudinal and lateral tracking error. Analysis of control actuation focused on the high frequency activity of the
longitudinal and lateral cyclic. The “high frequency shooting” of the cyclic pitch is defined as the difference
between the actuator travel and a smoothed version of the signal. The smoothed signal is obtained by applying a
non-causal low-pass FIR digital filter to the original data. The FIR filter has to meet certain specifications such
as pass-band, transition width, and stop band attenuation. The typical frequency of swashplate actuation
suggests that pass band of 3 Hz, transition width of 0.3375 Hz, stop band attenuation of -54dB are desirable for
smoothing operation. A FIR filter formulated in Eq. (8) using 1001 data points can meet all the requirements.



y[n] = Zi2% 500 x[n + k]R[K] 3)

Where h[k] = 22010 (0.54 +0.46 cos (fOLO"l))

Figure 9 demonstrates the separation of high frequency shooting from lateral cyclic pitch. An RMS of the high
frequency signal can then be used to assess the unfavorable actuator activity of the controller.
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Figure 9. Separation of High Frequency Shooting

Table 3. Summary of Performance with Sweep of Roll Axis Frequency Parameter

Weg Weg RMS of X, (ft) RMS of Y, (ft) RMS of 6, RMS of 9,
(rad/sec) | (rad/sec) (deg) (deg)
15 2.5 1.01 2.05 0.1662 0.0516
2.0 25 0.99 0.96 0.1662 0.0630
2.5 2.5 1.01 0.39 0.1662 0.0802
3.0 2.5 1.03 0.26 0.1662 0.1146
35 | 25 | 1.03 0.20 | 01604 |  0.1375
4.0 2.5 1.04 0.16 0.1604 0.1662

Figure 10-12 juxtapose the lateral tracking performance, lateral fuselage rate and lateral cyclic pitch for three
cases With w,.,=1.5 rad, w,=3.0 rad/sec, w.4=4.0 rad/sec, they represent a low gain design, nominal design
and high gain design respectively. Those figures reveal that reducing controller gains leads to poor tracking
performance indicated by the large amplitude waves of green line in Figure 10; while increasing controller gains
certainly improves the tracking tightness but at the cost of tightened coupling of rotor dynamics and fuselage
dynamics, the latter is characterized by the high frequency shooting in fuselage rate and cyclic pitch of
swashplate. A test of an extremely high gain design of w.4=7.5 basically pushes the rotorcraft to the edge of
instability, expressed as air-resonance in Figure 13.



Command

me¢:1.5 (rad/sec)

°’e¢:3'0 (rad/sec)

_— “’ea::4'0 (rad/sec)

0,715 (rad/sec)
0,,=3.0 (rad/sec)

o,

e=40 (radisec)

Roll Rate (deg/sec)

20 40

Time (sec)

60

80

Figure 10. Lateral Tracking

Performance

AR e LA, \
/ oy .
‘
|
-5 H B T LA
< [ —> < [—> |
T approacn |1 sttion keeping | ol [howrosen | | [statonkeepn ] |

0

[ [
20 40 60
Time (sec)

80

Figure 11. Roll Rate Response

Lat. Cyclic (deg)

4

0,715 (rad/sec)
9,73.0 (radlsec)
0,740 (rad/sec)

Approach Station Keeping
L |
0 20 40 60 80

Time (sec)

Figure 12. Lateral Cyclic Pitch

T ¥ T
B '\/'\,\ m | i i
kel { | |
Y R
o 5 <|> .
< . .
~ { Approach { [ Station Keeping { |
g T T T |
o | | | |
10 r b b v

36 38 40 42 44 4 48 50
~ 50 T T T T
o | | | |
X | | | |
j=2) I | |
3 |
S AN B
o] | !
14
3 | | | |
@ -50 13 13 r r

36 38 40 42 44 46 48 50
=)
(7}
hA
L
©
>
[6]
7 |
i} | ! i

36 38 40 42 44 46 48 50

Time (sec)

Figure 13. Example of extremely high controller gains - air resonance

Traditionally, both industry and regulatory documents use loop-breaking GM/PM as the metrics for robust
stability. In fact, axis-wise GM/PM are optimistic estimations of the robust stability of MIMO systems, since
loop-break should be performed in each loop and everywhere to ensure that any disturbance is not amplified in
the loop, even this is not adequately saying the close-loop system of full order model can withstand the most
adverse combination of all possible disturbance. The robust control theory on the other hand provides a MIMO
perspective for the stability, where the MIMO stability criteria provides a conservative estimation of the close-
loop stability, this is an absolute stability even in the worst case. The robustness of a MIMO controller is all
about its capability of stable working when it is design on a reduced order model G,., while implemented to a full
order model Gf. The difference between reduced and full order model is the modeling error AG . In rotorcraft
control practice, the modeling error primarily stems from the unmodeled dynamics, e.g. when generating the
reduced order model, it is common to ignore flap/lag dynamics, actuator dynamics and sensor dynamics. This
type of modeling error can be extracted by Eq. (9)



AG = GG -1 ©)

Robust control theory "I asserts that once we specify a design model G, , and accept the existence of
unstructured modeling error in the form Eq.(9), the feedback controller in Figure.14 would work stably with G ,
if

1. The nominal feedback close-loop system G,.(s)K(s)[I + G,(s)K(s)]™! is stable

2. The perturbed system Gy (s) and the nominal system G,.(s) have the same number of unstable poles.

3. Condition g[I + (G,K)™1] > G(AG) is satisfied

—o—IN—IER——

Figure 14. The Negative Feedback System of Nominal Model

In the current study, reduced order model used for DI controller design has 8 state variables
X, =[¢ 6 uv w pgq r], full order model has 46 state variables, the poles of both models are plotted

in Figure 15-16 respectively, it is noteworthy that both model have the same number of unstable poles, which is
a prerequisite to apply the robustness criteria.

Figure 15. Poles of Reduced Order model



Figure 16.a Poles of Full Order Model Figure 16.b Poles of Full Order Model (Zoom In)

The output vector of each model is defined as: y = [W P q r]. The transfer function matrix G, and G can
then be extracted from the state space model, and the modeling error also can be acquired following Eq.(9) ,
Figure 17-18 illustrate the singular value of reduced order, full order model and modeling error. Note that the
singular value plot of modeling error has two branches of large value in the low frequency range, which means
the modeling error is not applicable, however the low frequency range is usually not the origin of trouble, thus
we will just ignore this frequency band.
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Figure 17. Comparison of the Singular Value of G,(s)  Figure 18. Singular Value of Multiplicative Modeling
and G (s) Error

Since the robust control theory supports only an output-based controller, while DI controller needs feedback of
multiple states, namely u,v,¢,6,u,v, X,,.,Y,.., H , necessarily the parameter estimation is used to reconstruct the



controller. The non-output variables can be estimated by reliable linear relations as follow

d—¢= p+qsing,;, tané,
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The trim attitude angle and stability derivatives come from trim result and reduced order linear model. After
preparing the controller and modeling error, the robustness criteria o[l + (G,.K)~*] > G(AG) can be evaluated, a
range of gain setting were investigated to demonstrate the relation between robustness and increasing gains.

Three pairs have been researched, namely [a)m,wne] =[2,2], [3,3] and [4,4], the robustness criterion were

plotted in Figure 19, the plot implies that as tracking performance gets more emphasized by applying higher gain,
the robustness margin reduces, to some level when the controller minimum singular value intersects modeling
error singular value, the robustness is no more ensured.
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Significance of Results

A systematic method of PID gain tuning for DI controller is developed, this is essentially a frequency-
domain method and treats the optimization as a tradeoff between SM and DRB. SISO based loop-
breaking techniques were developed to accommodate the calculation of SM and DRB. This method is
particularly straightforward in terms of compliance with ADS-33 and other regulatory criteria (Ref. 1),
and non-linear simulations proved the effectiveness of the approach. The results also showed that in the
context of DI, the SISO methodologies are effective as the feedback linearization scheme effectively
decouples the different axes. Parameters in a single axis show the desired performance stability tradeoff
while the other axes are largely unaffected. The approach does require manual tuning and independent
design of each axis.

A MIMO robust stability criteria was applied to DI controller and rotorcraft, this criteria shows
consistent with SISO solution stability margin variation with increasing gains, theoretically it can be
used to guide controller design, or used to supplement defining the stability margin. Due to the fact that
very few regulatory documents involve MIMO stability criteria, the quantity of robust stability margin
need to be established to facilitate its application.

Plans and upcoming events for next reporting period

Prototype development and evaluation: The next phase of the work will begin rigorous testing and evaluations
of the controllers. This includes batch simulations and piloted simulation studies.
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